Exposure of rodents to a stimulating environment has beneficial effects on some cognitive functions that are impaired during physiological aging, and especially spatial reference memory. The present study investigated whether environmental enrichment rescues these functions in already declining subjects and/or protects them from subsequent decline. Subgroups of 17-mo-old female rats with unimpaired versus impaired performance in a spatial reference memory task (Morris water maze) were housed until the age of 24 mo in standard or enriched environment. They were then trained in a second reference memory task, conducted in a different room than the first, and recent (1 d) and remote (10 d) memory were assessed. In unimpaired subgroups, spatial memory declined from 17 to 24 mo in rats housed in standard conditions; an enriched environment during this period allowed maintenance of accurate recent and remote spatial memory. At 24 mo, rats impaired at the age of 17 mo housed in enriched environment learned the task and displayed substantial recent memory, but their performance remained lower than that of unimpaired rats, showing that enrichment failed to rescue spatial memory in already cognitively declining rats. Controls indicated carryover effects of the first water maze training, especially in aged rats housed in standard condition, and confirmed the beneficial effect of enrichment on remote memory of aged rats even if they performed poorly than young adults housed for the same duration in standard or enriched condition.
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Enriched environment housing provides rodents with enhanced sensory, motor, and cognitive stimulation and more sustained social interaction when compared with standard laboratory housing conditions. Exposure to an enriched environment during adulthood modifies many aspects of rodent behavior and improves learning and memory in a variety of tasks, especially those assessing spatial memory (e.g., Schrijver et al. 2002; Leggio et al. 2005; Birch et al. 2013; Mora-Gallegos et al. 2015) . Evaluation of the effects of environmental enrichment on spatial memory is especially relevant in the context of physiological aging, as enrichment was shown to stimulate neuroplasticity in brain areas playing a major role in this cognitive domain (e.g., Faherty et al. 2003; Leggio et al. 2005; Birch et al. 2013; , which is particularly sensitive to aging (Gallagher et al. 2006) . Several studies using cross-sectional experimental designs showed that spatial memory progressively declines during adulthood. Thus, performances of middle-aged subjects are impaired compared with those of younger adults, but less severely than those of elderly subjects (e.g., Wyss et al. 2000; Bizon et al. 2009; Harati et al. 2013) . Conversely, impaired spatial memory is not a systematic hallmark of physiological aging and many experiments have highlighted the heterogeneity of individual performance at a given chronological age (e.g., Gage et al. 1984; Gallagher et al. 1993; McQuail and Nicolle 2015) . Interestingly, several studies showed that a sustained exposure of middle-aged rodents to an enriched environment mitigated spatial memory deficit in old age (e.g., Kobayashi et al. 2002; Harburger et al. 2007; Freret et al. 2012; Kumar et al. 2012; Fuchs et al. 2016; but Bouet et al. 2011) . However, whether housing middle-aged rodents in a more stimulating environment rescues spatial memory in already cognitively declining subjects or protects against further decline remains to be explored.
The current study assessed the impact of enriched environment housing on spatial learning and memory in aged rats in which these capabilities were either conserved or already impaired at middle age. For this longitudinal study, middle-aged (17 mo) rats were trained in a first reference memory task in a Morris water maze (i.e., finding an escape platform located in a fixed position in a pool), a place-learning task widely used to distinguish individuals with or without impaired learning and memory during aging (e.g., Gallagher et al. 2006; Cassel et al. 2007 ). Similar number of rats thereby classified as either unimpaired or impaired were subsequently housed for 6 mo in enriched environment (EE) or standard conditions (SC). At the age of 24 mo, the reference memory capabilities of these now aged rats were again assessed, in a new environment. As a control for the effects of primary training, 18-mo-old naive rats of the same cohort and 2-mo-old rats were randomly housed for 6 mo in either SC or EE and then tested (at the age of 24 and 8 mo, respectively) on the same reference memory task (cross-sectional study). The experimental design is illustrated in Figure 1 .
Results

Classification of middle-aged rats before differentiated housing
A group of middle-aged rats (17 mo old, n ¼ 56) was trained on a place-learning task (Fig. 1 , Morris water maze task 1; a photograph of the testing room is given in Supplemental Fig. 1A ) using a procedure sensitive to age-related spatial learning deficit in SC-housed rats (e.g., Harati et al. 2011) . During five training days, a submerged platform was located at an unchanged position in a water maze; the following day, the platform was removed and time spent in each quadrant of the pool was monitored for 30 sec (probe trial). To distinguish subgroups of rats displaying contrasting spatial memory capabilities in the cohort of middle-aged animals, we used a measure of platform search accuracy during this probe trial rather than measures of performance during training, as nonspatial strategies might lead to performance improvement during training (e.g., Cassel et al. 2007; Rutz et al. 2009 ). This measure was the platform search profile, which was established for each rat as follows: time spent in the quadrant in which the platform had been located during training (target) and, from longest to shortest, times spent in the other quadrants (Q2 to Q4). These profiles were used to divide the population into two subgroups ( Fig. 2A , left part) on cluster analysis (K-mean clustering on the time spent in each quadrant). In one subgroup, rats spent more time in the target than in any of the other quadrants (F (3,66) ¼ 73.54, P , 0.0001; P , 0.001 for each comparison). The high specificity of this search profile suggested conserved long-term spatial memory, and this subgroup was named "middle-aged unimpaired" (MA-UI, n ¼ 23). In the other subgroup, rats spent more time in another quadrant than in all others, including the target (F (3,96) ¼ 45.35, P , 0.0001; P , 0.0001 for each comparison), indicating impaired spatial capability; this subgroup was named "middle-aged impaired" (MA-I, n ¼ 33). Swimming speed was similar in these two subgroups (F (1,54) ¼ 0.18, P . 0.05; data not shown). In order to assess whether such an impaired search profile might emerge during aging, data previously obtained in a population of young adult rats (4 -5 mo, n ¼ 34; data collected over a 6-yr period from three cohorts of rats of the same strain, sex, and breeder, housed in SC and trained in the water maze with the same material and procedure as those of the current study) were subjected to the same analysis. In this young-adult population ( Fig. 2A , right part), the search profile of one subgroup was highly specific (Y-H, n ¼ 15), as rats spent more time in the target than in each of the other quadrants (F (3,42) ¼ 95.70, P , 0.0001; P , 0.001 for each comparison), like the MA-UI subgroup. In the other subgroup, search was less specific (Y-L, n ¼ 19). Indeed, rats of this subgroup spent an equivalent time in the target and one of the other quadrants, but more time in the target than in the other two quadrants (F (3,54) ¼ 68.18, P , 0.0001; P , 0.001 for each comparison), suggesting less accurate memory of platform location without, however, showing the search bias observed in the MA-I subgroup: i.e., specific search in a wrong quadrant. To confirm that this latter subgroup was impaired with respect to younger animals, we compared variables reflecting platform search accuracy during the probe trial (time spent in the target quadrant, and proximity: i.e., mean distance from the previous platform location) obtained in the young adults to those obtained in middleaged rats of the current study. Statistical analysis indicated that, as a whole, the middle-age group was impaired when compared with young adults ( Fig. 2B ; time spent in the target quadrant: F (1,88) ¼ 8.44, P , 0.005; proximity: F (1,88) ¼ 6.40, P , 0.05). However, MA-I rats were the only ones to differ from young adults (time spent in the target quadrant: F (2,87) ¼ 53.10, P , 0.001; MA-I versus the two other groups, P , 0.01; proximity: F (2,87) ¼ 33.96, P , 0.001; MA-I versus the two other groups, P , 0.01).
We then analyzed whether the subgroups of rats identified by K-mean clustering had also displayed differences in performance during the 5 d of training. In the middle-aged population, MA-UI outperformed MA-I (Fig. 2C ). ANOVA indicated a main effect of Subgroup for distance swam to reach the platform (F (1,54) ¼ 14.36, P , 0.001), thigmotaxis (F (1,54) ¼ 11.04, P , 0.01), and number of successful trials (data not shown; F (1,54) ¼ 9.88, P , 0.01), but performance improvement during training was similar in the two subgroups for these three variables [no Subgroup × training Day interaction, but a main effect of Day for distance (F (4,216) ¼ 33.04), thigmotaxis (F (4,216) ¼ 84.76), and number of successful trials (F (4,216) ¼ 33.24); P , 0.0001]. In contrast, in the young-adult population, no differences were observed between the Y-H and Y-L subgroups during training, whatever the variable analyzed. As illustrated in Figure 2D , Y-H and Y-L displayed similar overall performance and improvement throughout Figure 1 . Experimental design. Middle-aged (17 mo) rats were trained in a first reference memory task (Morris water maze 1). Similar number of rats thereby classified as either unimpaired (MA-UI) or impaired (MA-I) were subsequently housed for 6 mo in standard conditions (SC-UI and SC-I, gray boxes) or enriched environment (EE-UI and EE-I, white boxes). At the age of 24 mo, the reference memory capabilities of these now aged rats were again assessed (Morris water maze 2 for the longitudinal study). As a control for the effects of primary training, 18-mo-old naive rats of the same cohort and 2-mo-old rats were randomly housed for 6 mo in either standard (A-SC and Y-SC) or enriched conditions (A-EE and Y-EE) and then tested (at the age of 24 and 8 mo, respectively) on the same reference memory task (Morris water maze 2 for the cross-sectional study).
Late enrichment and spatial memory in aged rats Late enrichment has beneficial effects on platform search accuracy, but only in rats unimpaired when middle aged
After completion of behavioral testing, half of the middle-aged rats of each subgroup were housed in SC and the other half in EE until they were 24 mo old (surviving rats, n ¼ 41). These four groups were referred to as "SC-I," "SC-UI," "EE-I," and "EE-UI" according to their performance at middle age and their late housing condition. Rats were then trained in a second place learning task (Fig. 1 , Morris water maze 2 for the longitudinal study; a photograph of the testing room is given in Supplemental Fig. 1B ) to assess the impact of this late enrichment on recent and remote memory of aged rats according to their performance when middle aged. To this aim, we used a more extensive training procedure than the one used at 17 mo, as 5 d of training are not sufficient to allow spatial recent memory in aged rats (e.g., Harati et al. 2011; Fuchs et al. 2016 ). This training procedure was adapted from previous works (F Fuchs et al. unpublished data for aged rats; e.g., Lopez et al. 2008 for adult rats), and consisted of one session with a visible platform followed by eight sessions with the hidden platform. The improvement of performances across the four trials of the visible platform session (i.e., the decrease of the distance swam to reach the platform; data not shown) was similar in all four groups (effect of Trial: F (3,111) ¼ 23.60, P , 0.001; no effect of Housing: F (1,37) ¼ 0.04, P . 0.05; no effect of Subgroup: F (1,37) ¼ 0.006, P . 0.05; and no interaction between these three factors: F (3,111) ¼ 2.13, P . 0.05). Data for training with the hidden platform are illustrated in Figure 3 . Analysis of the distance swam to reach the platform (Fig. 3A ) indicated that overall distance was shorter in the aged UI subgroup than in the I subgroup (F (1,37) ¼ 4.30, P , 0.05). No difference according to subgroup was observed for thigmotaxis ( Fig. 3B ), although analyzing successful trials ( Fig. 3C ) showed subgroup difference that was nearly significant (F (1,37) ¼ 3.22, P ¼ 0.081). Overall performance improved during training (Day; F (7,259) ¼ 11.89, P , 0.0001; F (7,259) ¼ 3.40, P , 0.01; F (7,259) ¼ 7.21, P , 0.0001 for each variable, respectively) at similar rates in all four groups (no significant interactions between Subgroup and Housing condition). The last analysis conducted on the data collected during training assessed the impact of enrichment on long-term and short-term memory components of daily performance improvement. A short-term memory index (mean of the last two daily trials) and a long-term memory index (mean of the first daily trial) were computed for the distance swam to reach the platform from the second to the last training day (adapted from George et al. 2006) . Analysis of these memory indices ( Fig. 3D) found no difference between subgroups for short-term memory, whereas UI rats tended to show better long-term memory (F (1,37) ¼ 3.97, P ¼ 0.053). Importantly, these analyses showed that Housing had no significant effect on performance during training.
Two 30-sec probe trials were conducted to assess recent (1 d after the last training day) then remote memory of platform location (10 d after four additional trials conducted immediately after the first probe test). Data for these probe trials are illustrated in Figure 4 , alongside the platform search profile obtained at middle age in the same rats (Fig. 4A ). For recent memory, the UI subgroup outperformed the I subgroup for time spent in the target quadrant ( Fig. 4B ; F (1,37) ¼ 8.18, P , 0.01) and proximity ( Fig. 4C ; F (1,37) ¼ 8.05, P , 0.01), target area crossings being very low in both subgroups (Fig. 4D) . Moreover, post hoc comparison conducted on the nearly significant interaction between Subgroup and Housing condition for time spent in the target quadrant (F (1,37) ¼ 3.2, P ¼ 0.07) showed that UI rats outperformed I rats only in the EE group (P , 0.05). Only EE-UI group displayed a specific platform search profile, as at the age of 17 mo: time spent in the target quadrant was significantly greater than time spent in any other quadrant (P , 0.001 for each comparison), suggesting that recent memory for platform location was conserved. In contrast, SC-UI, SC-I, and EE-I rats showed Late enrichment and spatial memory in aged rats www.learnmem.org lower accuracy in platform search, spending more time in both the target and another quadrant than in the two others (P , 0.05). However, rats in these groups, as EE-UI rats, spent significantly longer time than chance in the target quadrant (P , 0.05). In the remote memory test, subgroup differences were no longer observed (Fig. 4E-G) . Search profile analysis indicated degraded memory of platform location. In the SC-UI, SC-I, and EE-I groups, time spent in the target quadrant only differed from that spent in the fourth most visited quadrant (P , 0.01). However, platform search was more specific in the EE-UI group and, although time spent in the target quadrant failed to differ significantly from time spent in the second most visited quadrant (P ¼ 0.08), it differed from time spent in the third and fourth most visited quadrant (P , 0.01). Only the EE-UI group spent significantly longer than chance in the target quadrant on the remote probe test (P , 0.05), further confirming the beneficial effects of late enrichment on spatial memory in this group. Swimming speed was similar in the four groups of animals during the two probe trials (data not shown) with no effect of housing (first probe trial: F (1,37) ¼ 2.88, P . 0.05; second probe trial: F (1,37) ¼ 1.43, P . 0.05), no effect of subgroup (first probe trial: F (1,37) ¼ 0.26, P . 0.05; second probe trial: F (1,37) ¼ 0.20, P . 0.05) and no interaction between these two factors (first probe trial: F (1,37) ¼ 0.40, P . 0.05; second probe trial: F (1,37) ¼ 0.18, P . 0.05).
Six-months' EE housing in young adult and middle-aged naive rats induces beneficial effects on place learning
The previous analyses showed that late enrichment did not improve performances during training. As a control for the effects of primary training, naive rats of the same cohort and 2-mo-old rats were randomly housed for 6 mo in either SC or EE and then tested (at the age of 24 and 8 mo, respectively) on the same reference memory task (Fig. 1 , Morris water maze 2 for the cross-sectional study). The improvement of performances across the four trials of the visible platform session (data not shown) was similar in all groups (no significant interaction between "Trial" and the other factors) whereas the distance swam was globally higher in aged rats than in young adults (Age, F (1,38) ¼ 5.79, P , 0.05) and in SC than in EE rats (Housing, F (1,38) ¼ 4.95, P , 0.05; no interaction between Age and Housing). The data obtained during the training with the hidden platform are presented in Figure 5 . The overall distance swam to reach the platform (Fig. 5A ) was shorter in EE than SC groups (Housing, F (1,38) ¼ 18.48, P , 0.001) and in young adult than aged groups (Age, F (1,38) ¼ 26.95, P , 0.0001). The improving effect of enrichment seemed greater in aged groups, but statistical analysis failed to support this impression (no significant Housing × Age interaction). Performances improved at similar rates in all groups (Day, F (7,266) ¼ 30.49, P , 0.0001; no significant interaction between Day and the other factors). Similarly, statistical analysis of successful trials (Fig. 5B) and thigmotaxis ( Fig. 5C ) indicated significant effects of Day (F (7,266) ¼ 27.73, P , 0.0001 and F (7,266) ¼ 15.85, P , 0.0001, respectively), Housing (F (1,38) ¼ 5.55, P , 0.05 and F (1,38) ¼ 13.52, P , 0.001, respectively), and Age (F (1,38) ¼ 15.95, P , 0.001 and F (1,38) ¼ 41.98, P , 0.0001, respectively), but no significant interaction between Housing and Age. However, a significant interaction between Age and Day for each of these two variables (F (7,266) ¼ 3.85, P , 0.001 and F (7,266) ¼ 2.65, P , 0.05, respectively) indicated that young adult and aged rats improved at different rates; post hoc comparisons showed that successful trials increased only from the first to the second day of training in young adult groups (P , 0.05), but until the third day in aged groups (P , 0.05), indicating that optimal performance levels were more rapidly reached in young adults. There was also no significant decrease in thigmotaxis after the third day in young adult groups (P , 0.05 from Day 1 to Day 3), whereas thigmotaxis continued to decrease from Day 3 to Day 7 in aged groups (P , 0.05), remaining significantly higher than in young adult groups until the last training day (P , 0.05). As illustrated in Figure 5D , enrichment had a major impact on age-related impairment of short-term memory assessed by the index: the SC aged group was greatly impaired when compared with its young adult counterpart, but this age-related deficit was reversed by enrichment (Housing, F (1,38) ¼ 25.56, P , 0.0001; Age, F (1,38) ¼ 19,40, P , 0.0001; Housing × Age, F (1,38) ¼ 3.69, P ¼ 0.06; post hoc P , 0.001 for each comparison). Figure 5D seems to suggest that the impact of enrichment on long-term memory index was more limited in aged group, but also less affected by aging; however, analysis revealed significant effects of Housing (F (1,38) ¼ 6.13, P , 0.05) and Age (F (1,38) ¼ 11.10, P , 0.01), but no interaction between the two. These results clearly show that enrichment had a beneficial effect in naive rats, and suggest that its failure to ameliorate training performance in aged rats exposed to a first reference memory task when middle aged, might be due to a carryover effect of the first training in SC rats. Figures 3 and 5 clearly show that it Late enrichment and spatial memory in aged rats www.learnmem.org was mainly SC aged rats that benefited from pretraining; complementary analyses (Supplemental data) indicated that pretraining significantly reduced the distance swam to reach the platform, increased the number of successful trials, reduced thigmotaxis and improved short-term memory index only in SC rats (Supplemental Fig. 2) .
Results obtained during the probe tests are illustrated in Figure 6 . In the recent memory test, platform search accuracy measurements indicated age-related impairment. Thus, aged rats were impaired for time spent in the target quadrant ( Fig.  6A; F (1,38) ¼ 12.59, P , 0.01), proximity ( Fig. 6B; F (1,38) ¼ 19.73, P , 0.0001), and target area crossings ( Fig. 6C; F (1,38) ¼ 38.17, P , 0.0001). Enrichment had no impact on these variables in aged rats, but seemed to increase target area crossings in young adults. Statistical analysis confirmed these observations, with a significant interaction between Housing and Age (F (1,38) ¼ 4.77, P , 0.05). Post hoc comparison showed that EE young adults outperformed all other groups on this variable (P , 0.05). Analysis of platform search profile (Fig. 6A) indicated that the SC and EE groups behaved similarly in each age group, but that search was less specific in aged than young adult rats, the latter spending more time in the target than in any other quadrant (P , 0.001 * , difference between time spent in the target quadrant and time spent in the other three quadrants; m, difference between time spent in this quadrant and time spent in all the others including the target quadrant; £, significantly above chance level; $, significantly different from EE-I. For detailed statistical description, see text. MA, middle aged; SC, aged rats housed in standard condition; EE, aged rats housed in enriched environment; UI and I, their probe performance at 17 mo of age.
Late enrichment and spatial memory in aged rats www.learnmem.org for each comparison in SC and EE groups) whereas aged rats spent significantly more time in the target and another quadrant than in the other two (P , 0.05 for each comparison in SC and EE groups). Comparison of time spent in the target quadrant at chance level (i.e., 7.5 sec) showed that aged rats, whatever their late housing condition, spent significantly more time in the target quadrant (P , 0.05), confirming that they displayed recent memory for platform location. In the remote memory test, age was the only factor supporting between-group differences in platform search accuracy. Thus, young adult rats outperformed aged ones for time spent in the target quadrant ( Fig. 6D; F (1,38) ¼ 11.91, P , 0.01), proximity ( Fig. 6E; F (1,38) ¼ 14.24, P , 0.001), and target area crossings ( Fig. 6F; F (1,38) ¼ 6.98, P , 0.05). Analysis of search profiles (Fig. 6D) indicated that, like in the recent memory test, young adult rats spent significantly more time in the target than in any other quadrant (P , 0.001 for each comparison in SC and EE groups), indicating that platform search remained very specific even with this longer training-to-test interval. The aged rats still spent more time in a more extended zone of the pool including the target quadrant and another one (P , 0.05 when compared with the two other quadrants in SC and EE groups), suggesting remote memory for platform location, even if less specific than in young adult rats. However, at this longer training-to-test interval, only SC aged rats failed to spend significantly more time than chance level in the target quadrant (P , 0.05 for the other groups), showing that their remote memory of platform location was impaired. Importantly, even if aged rats swim more slowly than younger ones during the two probe trials (data not shown; first probe trial, F (1,38) ¼ 6.43, P , 0.05; second probe trial: F (1,38) ¼ 12.29, P , 0.01), there was no effect of Housing (first probe trial: F (1,38) ¼ 0.87, P . 0.05; second probe trial: F (1,38) ¼ 0.72, P . 0.05), nor interaction between Housing and Age (first probe trial: F (1,38) ¼ 0.69, P . 0.05; second probe trial: F (1,38) ¼ 0.007, P . 0.05).
Discussion
In this study, a reference memory task was used to assess the impact of late enriched environmental housing (from the age of 18 mo) on spatial learning and memory in aged (24 mo) rats. The longitudinal study indicated that late enriched environmental housing maintained accurate spatial memory in aged rats that were unimpaired in the same cognitive domain when middle aged (17 mo), but failed to rescue spatial memory in already cognitively declining rats. The cross-sectional study showed that late enrichment facilitated learning and remote memory in a group of naive aged rats, but that aged animals remained impaired when compared with younger adults (8 mo) on all measures of platform-search accuracy.
Some middle-aged rats display accurate spatial memory whereas others are severely impaired Cross-sectional studies have shown that spatial reference memory in rats declines between the ages of 3-6 mo and 12-18 mo, depending on the strain, sex, and chronological ages under investigation (Aitken and Meaney 1989; Markowska 1999; Wyss et al. 2000; Bizon and Gallagher 2003; Bizon et al. 2009; McQuail and Nicolle 2015) . Some of these studies also reported further decline following these ages (e.g., Bizon et al. 2009; McQuail and Nicolle 2015) . In Long-Evans female rats, previous cross-sectional studies by our team also showed impaired performance at 15 mo when compared with 6-mo-old subjects (Harati et al. 2013) , and further degradation of spatial reference memory between the age of 13-15 mo and 25-27 mo (Harati et al. 2011 (Harati et al. , 2013 . However, several studies highlighted the fact that the age-related decline in spatial memory reported in studies comparing age-groups concerns only some of the subjects (e.g., Gallagher et al. 1993; McQuail and Nicolle 2015) . Coherently with these reports, using a criterion able to differentiate rats according to platformsearch accuracy on a probe trial, the present results showed that some rats displayed accurate spatial memory at 17 mo, while others were severely impaired, searching for the platform in another quadrant than the target one. Importantly, this most preferred quadrant was not the same for all animals. Indeed, respectively 36.36% and 24.24% of rats preferred the two quadrants adjacent to the target one and 39.39% of rats preferred the opposite quadrant. Thus, it seems unlikely that one cue could have been more salient than the other ones and have misled the animals. Taking into account the lower performance improvement of MA-I rats during training, this bias seen in the probe trial might indicate that they were using spatial cues from outside the maze (test-room features) to guide their behavior at the end of the training period but that these cues were not relevant enough to allow accurate platform search. This hypothesis suggests that these rats might need more trials to use extra-maze cues to efficiently locate the platform. The fact that this subgroup no longer displayed this Late enrichment and spatial memory in aged rats www.learnmem.org bias when tested with a longer training period when they were aged is in agreement with this hypothesis; although this subgroup also performed worse than subgroup of unimpaired rats during training at the age of 24 mo, they displayed recent memory for platform location and a search profile that was correct even if low in accuracy.
Spatial memory is impaired in aged rats housed in standard conditions
The results of our cross-sectional study confirmed that aged rats show impairment in training. They swam longer distances to reach the platform and were less efficient (fewer successful trials) than young adults. Aged rats were also impaired on probe trials, whatever the variable used to assess platform-search accuracy. However, they displayed recent memory for platform location, even if they searched for it in a broader zone of the pool than young adults. These results confirm that, although impaired compared with young adults, aged rats are able to learn a reference memory task in the Morris water maze if they have had extended training (Gallagher et al. 1993; Clayton et al. 2002) . The present results also showed that the impaired performance of aged rats during the training phase was due to a pronounced short-term memory deficit (higher short-term memory index), but also to a long-term memory deficit (higher long-term memory index), as previously reported using within-and between-days performance improvement as measures of short-and long-term memory, respectively (Aitken and Meaney 1989; Shukitt-Hale et al. 1998 ). However, age-related deficits in short-term (Lindner et al. 1992; McQuail and Nicolle 2015) or long-term memory (Foster and Kumar 2007) have also been reported. Variations in study design (massed versus distributed training trials, and the presence or the absence of an interpolated probe during the training phase) might explain these discrepancies. The present data also demonstrated that, while aged rats exhibited recent memory, they did not display remote memory for platform location, a result that might suggest that their less specific memory trace was also more sensitive to degradation. Only a few studies have evaluated the impact of aging on the persistence of memory traces, and all of them report that aging impaired remote memory but left recent memory intact (spatial memory) (Morel et al. 2015) ; (contextual fear memory that also depends on hippocampus integrity) (Oler and Markus 1998; Houston et al. 1999) .
In the present longitudinal study, in agreement with previous studies in which even short training period during middle age improved the performance of aged rats in a spatial task (van Groen et al. 2002; Hansalik et al. 2006) , pretraining at the age of 17 mo facilitated spatial learning at the age of 24 mo, especially in rats housed in standard conditions. This beneficial effect was not related, in the present experiment, to memory for spatial cues as, in contrast to the aforementioned studies, aged rats were tested in a different room at 24 mo. As also discussed by others (e.g., van Groen et al. 2002; Hansalik et al. 2006) , this beneficial effect of pretraining in the present study might be due to a carryover effect for two main aspects of the task: first, a procedural aspect (i.e., remembering that an escape platform has to be found); and second, memory of a previously learned strategy for solving the task, and especially a strategy enabling the platform to be located using extra-maze spatial cues. The fact that pretrained rats exhibited less thigmotaxis and less frequent failure to find the platform (high rate of successful trials) as early as the first day of training, but also showed a lower short-term index, clearly supports such a carryover effect. Importantly, the present results showed that pretraining had a beneficial effect on neither the accuracy nor the persistence of spatial memory in aged rats. The platform search profiles of pretrained and naive aged rats were similar during both recent and remote memory tests, and neither group displayed remote memory for platform location. Therefore, even when pretrained in a task that clearly allows a carryover effect, aged rats displayed spatial memory deficit. Importantly, during the recent memory probe trial, aged rats with accurate spatial memory at middle age behaved similarly to aged rats showing impairment at middle age, searching for the platform in an extended part of the pool, whereas they had focused specifically on the target quadrant when middle aged. These results indicate that, although the combined effect of pretraining and extended training before recent memory assessment allowed impaired aged rats to display recent memory for platform location, spatial memory capabilities nevertheless declined with age in the subgroup of rats unimpaired at middle age.
Enrichment favors spatial learning and allows remote memory, but only in aged rats unimpaired when middle aged
The cross-sectional study showed that 6 mo of enriched environment housing facilitated spatial learning, whether initiated in Late enrichment and spatial memory in aged rats www.learnmem.org young adults or middle-aged rats. EE groups swam shorter distances to reach the platform than SC groups and were more efficient in solving the task (more successful trials). Although enrichment failed to protect learning against age-related deficit, it alleviated the deficit in short-term memory exhibited by SC aged rats. Thus, late enriched environment exposure mitigates age-related deficit, in agreement with previous studies (e.g., Kobayashi et al. 2002; Harburger et al. 2007; Freret et al. 2012; Kumar et al. 2012; Morse et al. 2015; Fuchs et al. 2016; but Bouet et al. 2011 ). The present results also showed that, although EE young adults outperformed SC young adults on a measure of platform-search accuracy (annulus crossing), enrichment had no beneficial effects on the recent memory probe trial in aged subjects. In particular, both SC and EE aged rats displayed a less accurate platform-search than young adults. However, in the remote memory test, although impaired compared with young adults, only EE aged rats had any significant memory of platform location. Only a few studies have assessed whether enrichment has an impact on remote memory. Enrichment was shown to enhance long-term memory for object recognition (i.e., 48 h after exposure) in both young (Bruel-Jungerman et al. 2005; Leger et al. 2015) and aged rats (Leal-Galicia et al. 2008) , and our team has previously shown that long-life environmental enrichment protects young and middle-aged rats against spontaneous forgetting (Harati et al. 2013) . The results of the present study extend these findings by showing that late enrichment also enables aged rats to form memory traces that are less sensitive to degradation.
The results of the longitudinal study shed new light by demonstrating that late enrichment only benefits aged rats displaying accurate spatial memory at middle age. The subgroup of unimpaired rats housed in enriched environment was the only one to display accurate recent spatial memory, but also the only one with remote memory for platform location. These results suggest that late enrichment may protect against subsequent decline, but is not able to restore already impaired capacity. This might explain why some authors failed to find beneficial effects of EE exposure when initiated too late (Bouet et al. 2011) , as the proportion of impaired subjects increases with age (e.g., McQuail and Nicolle 2015) . However, the hypothesis that an age-related decline in exploratory behavior elicited by EE might also contribute to the lower efficiency of late enrichment cannot be ruled out.
One of the last issues raised by the current study concerns the similarity of the effects of pretraining and enrichment on performance improvement during the training stage. The performances of pretrained SC aged rats were indistinguishable from those of naive EE rats, and the impact of pretraining was very slight in EE aged rats. The first result suggests that enrichment favors the same processes as those involved in the carryover effects found in pretrained SC rats: i.e., it accelerates learning of the procedural aspect of the task but also promotes the use of a spatial strategy. The second result may reflect a ceiling effect on the performance of aged animals in training.
Conclusions
The main result of this study is that late enrichment allows maintenance of accurate recent spatial memory and enables the formation of a memory trace that is less sensitive to degradation, in a subgroup of rats displaying unimpaired spatial memory when middle aged. However, enrichment failed to rescue these capabilities in a subgroup of rats showing already declining spatial memory. Taken together, these results highlight the beneficial effects of exposure to a stimulating environment for the maintenance of some cognitive functions throughout the late part of life, and also its genuine ability to facilitate learning throughout life.
Materials and Methods
Subjects and housing conditions
One hundred female Long-Evans rats purchased at the age of 4 -5 wk from Janvier Labs (Le Genest-St-Isle, France) were housed in large transparent cages (60 × 38 × 20 cm) in groups of eight. At the age of 2 mo, they were rehoused in pairs in smaller cages [46 × 26 × 15 cm; standard condition (SC)]. From 18 to 24 mo, rats were assigned to either SC or enriched environment (EE). In EE, rats were housed in groups of 10-12 in wire-mesh cages (112 × 40 × 40 cm) with various objects changed five times a week as previously described (e.g., Harati et al. 2011) . A cohort of 24 rats (4-5 wk old) purchased later was housed at the age of 2 mo in either SC or EE, at the same time as the 18-mo-old rats and for the same duration (6 mo). All rats were housed in the same animal facility, with controlled temperature (22 + 1˚C) and humidity (55 + 5%) under a 12 h -12 h light-dark cycle (lights on at 7:00 a.m.), with ad libitum access to food and water. Commercially available food pellets for adult rats (Muceloda, Italy: RF 21) were changed (RF 18) when rats were 6 mo old, as recommended by the breeder. Experimental protocols and animal care were in compliance with European Community Council Directive 2010/63/UE and the current project was approved by the local ethics committee (CREMEAS, authorization no. AL/ 36/43/02/13). Rats were observed daily to detect health problems. During aging of the cohorts, some rats died from natural courses or were euthanized (often for tumor onset, but occasionally for other health problems such as hindlimb paralysis). Percentage survivors was 86% at the age of 17 mo. At the end of behavioral testing, percentage survivors was 56% in the 24-mo-old cohort and 100% in 8 mo olds. To avoid isolated housing in SC aging rats, the survivor was housed with another congener from our sentinel group.
Apparatus
The mazes were circular pools (diameter 160 cm, height 60 cm) filled with water to half the height and virtually divided into four equal quadrants. The water (20 + 1˚C) was opacified with powdered milk. A circular platform, 11 cm in diameter, could be placed in the pools, either 1 cm underneath (hidden platform) or above (visible platform) the water surface. The pools were located in two experimental rooms (Rooms 1 and 2, see Supplemental Fig. 1 ), both with many extra-maze cues (e.g., chair, desk, pictures hanging on the wall, etc.), and were each equipped with a videotracking system (Noldus, Wageningen in Room 1; SMART, SD Instruments in Room 2) to collect various aspects of the rat's behavior.
Procedures
Classification of middle-aged rats before differential housing At the age of 17 mo, rats (n ¼ 56) were singly housed in transparent cages (46 × 26 × 15 cm) and transferred to another animal facility. They were weighed, and handled 1 min per day for five consecutive days. These middle-aged (MA) rats were then trained in the water maze (Room 1) (Supplemental Fig. 1A ) using a procedure sensitive to age-related spatial deficit in SC-housed rats (e.g., Harati et al. 2011) . Briefly, rats were trained for five consecutive days to find the hidden platform located at a fixed position in one quadrant of the pool. Each day, four trials were performed, for which the rat was placed in the pool, facing the wall, at one of seven fixed starting points in a pseudorandom order. Twenty-four hours after training, long-term recent memory of the platform location was assessed on a single 30-sec trial without platform (probe trial). For this test, all animals were released from the same point. Rats were classified according to their search profile during this probe (i.e., time spent in the target quadrant and from longest to shortest time spent in the other three quadrants). A nonhierarchical cluster-analysis method (K-mean clustering) based on the double principle of maximizing intersubgroup and minimizing intrasubgroup variability, was used to subdivide the Late enrichment and spatial memory in aged rats www.learnmem.org population into two clusters (called "subgroups" hereafter). Three days after the probe trial, each rat was implanted with a subcutaneous microchip (biolog-id) in order to be later identified. At the age of 18 mo, half of the rats of each subgroup were housed in SC and the other half in EE, in a dedicated room, until they were 24 mo old.
Water maze for 24-and 8-mo-old rats After 6 mo differential housing, pretrained aged (remaining n ¼ 41; EE I, n ¼ 12; EE UI, n ¼ 7; SC I, n ¼ 14; SC UI, n ¼ 8), naive aged (remaining n ¼ 18; EE, n ¼ 8; SC, n ¼ 10), and young adult rats (n ¼ 24; EE n ¼ 12; SC, n ¼ 12) were housed singly in transparent cages (46 × 26 × 15 cm) and transferred in another animal facility. They were weighed, handled (1 min per day for 5 consecutive days), then trained in the water maze. The task differed from that described for MA rats only on the following: (1) the task was performed in another room (Room 2) Supplemental Fig. 1B) ; (2) a visible platform test (four consecutive trials with a visible platform located in one quadrant of the pool) was conducted the day before training with the hidden platform; (3) rats were trained for 8 consecutive days (with the hidden platform located in another quadrant of the pool); and (4) both recent and remote memory for platform location were assessed. For recent memory, 24 h after the last training day, rats were given a 30-sec probe trial. It was followed immediately by four additional training trials with the platform replaced at the same location as in training. For remote memory, a second 30-sec probe trial was conducted 10 d later. Given the large number of animals to be tested, training of experimentally naive young adult and aged rats began after completion of training for pretrained aged rats (naive rats were housed singly 1 wk after pretrained rats, to maintain a constant time between the end of differential housing and the testing period).
Data collection and analysis
For training, performance (mean of the daily trials with the hidden platform) was assessed by computing the distance swam to reach the platform corrected according to the method described by Lindner (1997) . This method consists of assigning to all trials in which a rat did not locate the platform the median swam distance calculated with all of those trials. This maximum distance was also assigned to trials in which the distance swam to reach the platform was higher than this distance. The percentage thigmotaxis (percentage time spent in the 10 cm peripheral annulus) and the number of successful trials (i.e., trials in which the rat located the platform) (Ruediger et al. 2012) were also computed. For the water maze in Room 2, a short-term (mean of the last two daily trials) and a long-term memory index (mean of the first daily trials) was computed for distance swam to reach the platform from the second to the last training day (adapted from George et al. 2006) . For probe trials, several variables reflecting platform-search accuracy were collected: time spent in each quadrant of the pool, mean distance to the platform, and target area (platform enlarged by a 10-cm annulus) crossings. Swimming speeds during training and probe tests were also analyzed. Data were subjected to analysis of variance (ANOVA) with either Subgroup, or Age and Housing condition, or Subgroup and Housing condition as between-subject factors. For visible platform session, performance improvement was assessed using Trial as within-subject factor. For training, performance improvement was assessed using Day as within-subject factor. For probe trials, the platform-search profile of each group was analyzed using Quadrant as within-subject factor. The ANOVAs were completed by post hoc comparison using the Tukey test (for unequal samples for between group comparisons). The threshold for rejecting the null hypothesis was 0.05 throughout.
